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Background: The spatial ecology of deepwater demersal teleosts is poorly understood, and this group of fishes has
rarely been studied using conventional or electronic means to discern movement and migration. Likewise, the
development of management tools for such species has received less attention as compared to shallow water
species, and there are few fishery closed area systems developed for the purpose of managing deepwater demersal
fishes. The eteline snappers, which occur in depths of 100 to 400 m, are an important fishery resource throughout
the tropical Pacific, and are believed to be vulnerable to over-exploitation.
Results: Deepwater eteline snappers were tagged with acoustic transmitters and detected on a network of
listening stations that encompassed a fishery closed area in the Main Hawaiian Islands. Differences were detected in
movement between species, with the bentho-pelagic Etelis coruscans moving more frequently and over slightly lon-
ger distances (1.4 movements/day detected, interquartile range (IQR) 0.0 – 2.4; maximum distance 4.7 km, interquar-
tile (IQR) 4.7 – 6.4 km) than the demersal Etelis carbunculus (0.0 movements/day detected, interquartile range 0.0 −
0.3; maximum distance 4.7 km, interquartile range 4.6 − 4.7 km). The maximum single movement distance was
8.9 km for E. coruscans and 4.7 km for E. carbunculus. The median length dimension for bottomfish closed areas in
the Main Hawaiian Islands is 9.2 km (IQR) range 7.3 – 13.0 km).
Conclusions: Knowledge of the spatial ecology of animals is essential to understanding the effects of spatial
management measures such as marine reserves. Differences between species indicate that effective reserve size will
differ depending on the species. These results suggest that the reserves set up for bottomfish in the Main Hawaiian
Islands are likely to have effects in reducing fishing mortality for E. carbunculus due to its low rate of cross border
movement.
Keywords: Spatial ecology, Fishery management, Marine protected area, Fishery closed area, Acoustic telemetry,
Eteline snapper, BottomfishBackground
Many papers have been published on the spatial ecology
of shallow water demersal fishes [1-3] and pelagic
nekton [4-7], but comparatively little effort has been di-
rected towards this aspect of the biology of deepwater
demersal fishes [8-10]. Deepwater demersal fishes have a
number of biological characteristics warranting close
consideration for fishery management and conservation.
As with many demersal species, limited home ranges
[11,12] may allow for rapid declines in local populations
when exploited. Many deeper living species show
lower rates of somatic growth, population increase andCorrespondence: kevincmweng@gmail.com
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reproduction in any medium, provided the orfecundity as compared to related shallow living species
[13]. Since the predictability of demersal habitats (as com-
pared to oceanographically-defined pelagic habitats) can
enhance catchability, overfishing can occur more easily.
In Hawaii, the deepwater bottomfish complex provides
a regional fishery yielding high-value seafood [14]. The
primary habitat of bottomfish occurs at 100−400 m
depths throughout the archipelago, and the group com-
prises Etelis coruscans (onaga, scarlet snapper), Etelis
carbunculus (ehu, red snapper), Pristipomoides filamen-
tosus (opakapaka, pink snapper), Pristipomoides sieboldii
(kalekale, lavender jobfish), Pristipomoides zonatus
(gindai, banded snapper), Aphareus rutilans (lehi, rusty
jobfish), and Epinephelus quernus (Hapuupuu, Hawaiian
grouper) [15].is is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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restricted fishing areas through the Main Hawaiian
Islands [16]. The system in the Main Hawaiian Islands
was created in 1998 and comprised 19 closed fishing
areas to address overfishing of Etelis coruscans and Etelis
carbunculus. This reserve system was amended in 2007
to the 12 areas shown in Figure 1. The goal of these
amendments was to reduce bottomfishing mortality by a
mandated 15%, and a more recent analysis has changed
this target to 24% [17]. The bottomfish closed areas of
the Main Hawaiian Islands are large (median size
85 km2; interquartile range (IQR) 53–168 km2) compared
to shallow coral reef marine reserves in the Main Hawaiian
Islands that range in size from 0.18 to 1.24 km2 [18]. The
efficacy of these reserves in reducing mortality and hence
resulting in both an increase in population size and matur-
ity status is now a key question. In order to understand
how these reserves will work, we must know the movement
patterns of the fish, and whether they leave and enter closed
areas. The movement and home range of fishes is a critical
knowledge gap for fishery managers [19,20].
Our knowledge of the spatial ecology of bottomfish is
presently limited. Deepwater physoclists suffer barotrauma
when rapidly brought to the surface [21-23]. Feeding trans-
mitters to fish at depth avoids barotrauma, but species and
size data may not be effectively gathered, and tags are gen-
eral regurgitated after days to weeks [24].
Two conventional tagging studies and two acoustic tel-
emetry study have been conducted in the Main Hawaiian
Islands. From the late 1980s to early 1990s bottomfish
were tagged using conventional external tags (Okomoto,Figure 1 Areas closed to deepwater snapper fishing in Hawaii. Red bo
used by the State of Hawaii.Division of Aquatic Resources, State of Hawaii, unpub-
lished). Most recoveries were near the tagging locations,
with some inter-island movements including one
Pristipomoides filamentosus that traveled from Penguin
Banks, Molokai to Kaena Point, Oahu (Clay Tam, personal
communication). A recent conventional tagging program
has tagged 819 fish of which three have been recovered, all
Pristipomoides filamentosus in the Main Hawaiian Islands
(Clay Tam, Department of Land and Natural Resources,
personal communication). Acoustic tracking of juvenile
Pristipomoides filamentosus in waters off Kaneohe Bay re-
vealed small scale crepuscular migrations as well as the
unexpected use of flat silt habitat by the juvenile stage of
the species [25]. An acoustic tagging study of adult and
sub-adult Pristipomoides filamentosus in the Kahoolawe
Island Reserve revealed that fish moved from shallower
water during night to deeper water during day, as well as
movements across the boundary of the reserve [26].
Together, these few studies show that Pristipomoides
filamentosus move along island slopes and can move be-
tween islands, but we do not know if such movements are
rare or routine.
Spillover from reserves to adjacent fished areas is of
great interest to fishermen, and a body of research has
emerged to determine whether fish are more numerous
and larger in the vicinity of a reserve [27-30]. However,
there is agreement in the scientific literature that adult
spillover produces very minor increases in total yield,
whereas the larvae produced by the spawning stock in a
reserve can produce a major recruitment subsidy to sur-
rounding regions [19,28,31].xes indicated closed areas. Letters are the closed area designations
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fishes via artificial selection [32-34]. These changes de-
pend on the nature of the fishing mortality, and since
fishing frequently targets larger, older individuals, the
artificial selection causes maturation at smaller size and
younger age [34]. A reduction in maturity status and size
in Main Hawaiian Island bottomfish has been recorded
[17], so we have reason to be concerned about this
process. Maintaining populations with little or no
exploitation is essential to maintaining genetic diver-
sity and genotypes for large, late-maturing traits
that maximize reproductive output [32], and can be
achieved with appropriately designed reserves [35].
Furthermore, there is evidence that larger, older indi-
viduals not only produce more offspring, but that their
offspring have higher fitness than those of younger
parents [36,37]. Populations that have reduced age and
size at maturity are also likely to experience larger fluc-
tuations in population [38], which are detrimental both
ecologically and economically. Protection of a brood-
stock in marine protected areas can reduce variation in
recruitment, resulting in more predictable population
dynamics [39].Figure 2 Tagging locations for deepwater snappers east of Niihau, Ha
circles) and Pristipomoides filamentosus (pink circles). Black line shows
bathymetry for the range of bottomfish habitat (100-400 m). Bathymetry daThis study aimed to test the following hypotheses: (1)
bottomfish routinely move across the borders of an
existing fishery closed area. (2) bottomfish movements
exceed the scale of individual fishery closed areas and
(3) bottomfish traverse areas with depths exceeding our
present definition of bottomfish habitat (400 m).Results and discussion
Fish tagging and data recovery
Sixty-five Etelis coruscans, 17 Etelis carbunculus and
three Pristipomoides filamentosus were tagged at loca-
tions show in Figure 2. The movements of these fish
were recorded on acoustic receivers placed inside and
outside of the closed area as shown in Figure 3. All
acoustic receivers were successfully released from their
anchors and recovered, then successfully downloaded, to
yield fish movement data summarized in Table 1. Data
were received for 30 Etelis coruscans averaging 56 cm
TL, ranging from 35 to 73 cm TL; 10 Etelis carbunculus
averaging 40 cm TL, ranging from 31 to 55 cm TL; and
one Pristipomoides filametosus of 75 cm TL. The last
species is not reported due to having an n of one.waii, for Etelis coruscans (red circles), Etelis carbunculus (black
boundary of bottomfish closed area B. Contours in meters, colored
ta from Hawaii Mapping Research Group / HURL.
Figure 3 Location of acoustic receivers in relation to the fishery closed area and the bathymetric features within the study site. Black
circles show locations of acoustic receivers, with a radius of 500 m. indicating approximate detection range. Red line shows the boundaries of the
bottomfish restricted fishing area. Contours in meters, colored bathymetry for the range of bottomfish habitat (100–400 m).
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Etelis carbunculus and two Pristipomoides filametosus.
These individuals did not enter the detection zones of
our receivers, and may have either died or left the study
area. Fishes caught and deemed unsuitable for tagging
comprised five Etelis coruscans, four Etelis carbunculus












Tracks < 7 days 15 4 0
Dead 9 4 1
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tracks
15 6 1Movements with respect to closed area
Summary data for movements are presented in Table 2. A
movement was defined as a detection at one receiver,
followed by a detection at a different receiver. Variability
within species was high, likely because the widely spaced
receiver network had a low frequency of detecting tagged
fish. Longer detection records were obtained for Etelis corus-
cans than for Etelis carbunculus but the difference was not
significant. The number of movements per day, normalized
by days detected, was significantly greater for E. coruscans
(Mann–Whitney p = 0.05), which moved slightly more than
once per day, whereas E. carbunculus did not move on an
average day (Contours in meters, colored bathymetry for the
range of bottomfish habitat (100–400 m) (Figure 4).
The border crossings were greater by E. coruscans
(Contours in meters, colored bathymetry for the range
of bottomfish habitat (100–400 m) (Figure 4), with
enterings to the closed area occurring slightly less than
once per month, significantly greater than for E. carbuncu-
lus, which did not leave the closed area (Mann–Whitney
p = 0.04). The difference in departures from the closed
Table 2 Summary of movements for two species of deepwater eteline snapper
Etelis coruscans (n = 15) Etelis carbunculus (n = 6)
median 1st quartile 3rd quartile median 1st quartile 3rd quartile Mann Whitney p
Track days 40.83 20.59 328.42 28.44 11.90 58.52 0.46
Movements/day detected 1.44 0.03 2.38 0.00 0.00 0.33 0.05
Depart/month detected 0.00 0.00 19.50 0.00 0.00 0.00 0.06
Enter/month detected 0.77 0.00 20.86 0.00 0.00 0.00 0.04
Days inside/day detected 1.00 0.95 1.00 1.00 1.00 1.00 0.85
Days outside/day detected 0.28 0.00 0.71 0.00 0.00 0.00 0.13
Max movement distance (m) 4725 4725 6412 4725 4636 4725 0.03
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(Mann–Whitney p = 0.06).
The number of days detected inside the closed area,
normalized by the number of days detected, was not sig-
nificantly different between the two species, and was
close to one for both, meaning that on average, most fish
were inside the closed area. The number of days detected
outside the closed area, normalized by the number of days















































Figure 4 Comparison of track duration (days from tagging to last det
movement distances between two species of deepwater eteline snapsignificant margin. Because E. coruscans were tagged both
inside and outside of the closed area, but E. carbunculus
only tagged inside the closed area, a fair comparison of days
outside is not possible, but the results are consistent with a
low departure rate for E. carbunculus.
Our results suggest that E. coruscans moves more fre-
quently and over greater distances than E. carbunculus.
As a result, the level of protection afforded by the closed
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for E. coruscans indicating that the closed area likely has
an effect for this species.
Movement distances and frequencies
The maximum single movement distance was 8.9 km for E.
coruscans and 4.7 km for E. carbunculus. Across all individ-
uals the maximum movement distance was significantly
greater for E. coruscans (Mann–Whitney p = 0.03; Contours
in meters, colored bathymetry for the range of bottomfish
habitat (100–400 m) (Figure 4). The median movement dis-
tances were similar for E. coruscans and E. carbunculus
(2.1 km and 2.6 km respectively). The median movement
distance was similar in scale to the meridional length of the
closed area (5.2 km) for both species. As a result, the closed
area appears to be of sufficient size to offer some protection
to both species, though the higher frequency of movement
for E. coruscans must be taken into account. For all
bottomfish closed areas, the average length dimension,
estimated as the square root of the area, is 9.2 km
(interquartile range 7.3 – 13.0 km).
Movements over waters greater than 400 m deep
The southern pinnacle is separated from the other fea-
tures in the study by waters more than 400 m deep. All
other features in the study, Niihau, the guyot and the
northern pinnacle, are connected by areas less than
400 m deep. Fish were not detected at the southern pin-
nacle, and thus no evidence of deepwater crossings was
obtained. No fish were tagged at the southern pinnacle.
Clearly the study would have benefitted from tagging at
this location, but logistical constraints precluded this.
Conclusions
Deepwater eteline snappers tracked with acoustic telemetry
made occasional movements across the boundaries of a
fishery closed area. Etelis coruscans made intermittentFigure 5 Acoustic listening station comprising Vemco VR2W receiver,
anchor, drag anchor.movements across the closed area boundary, whereas Etelis
carbunculus remained within it. Our preliminary results in-
dicate that E. coruscans is more mobile, and E. carbunculus
more site-attached. The movements of both species were of
a scale that suggests the closed area offers protection, with
E. carbunculus being protected more effectively. Move-
ments beyond the limits of the detection network cannot be
recorded so it is not known if the individuals travelled outside
of the study area. In this study, the widely spaced receiver
network meant that the data recovery was low. Future studies
should consider the use of acoustic fences or other designs
that will increase the capture of data from tagged fish.
Methods
The spatial ecology of commercial bottomfish species were
determined by tracking their movements across fishery
closed areas and surrounding waters using acoustic telem-
etry. The study focused on the species of highest manage-
ment and conservation concern: Etelis coruscans (onaga,
scarlet snapper), Etelis carbunculus (ehu, red snapper), and
Pristipomoides filamentosus (opakapaka, pink snapper).
Study site
The eastern side of Niihau south of Pueo Point was chosen
as a study site due to the presence of several offshore pin-
nacles and a large guyot, as well as Hawaii State bottomfish
restricted fishing area B. This region offers an ideal natural
experiment for bottomfish movements, because bottomfish
habitat exists on the island slope, as well as on the two pin-
nacles and guyot, with depths exceeding 400 m between
southern pinnacle and the other features. The guyot, the
northern pinnacle and the island slope of Niihau are con-
nected by habitat shallower than 400 m.
Acoustic receiver network
In order to quantify the movements of bottomfish a net-
work of acoustic receivers were positioned inside andSonardyne LRT releasing mechanism, floats, line, chain, mass
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habitat is presently defined as a strip along the shelf and
slope ranging from 100–400 m [40]. Each receiver station
comprised a mass anchor, grapple anchor, chain, shackles,
Sonardyne LRT release, rope, Vemco VR2W receiver, deep-
rated trawl floats, and flag (Figure 5).
Fishing tagging
Fish were captured using commercial bottomfish gear,
comprising a dropper line with four to six circle hooks
baited with squid or fish and a 2 kg lead weight at the
bottom, deployed with an electric reel. Fish were
brought to the surface and placed in a padded cradle
with a seawater hose in the mouth. The swim bladder of
swollen fish was vented with a syringe and if the stom-
ach was everted it was gently pushed in with a smooth
rod (following the release of pressure from the swim
bladder). An incision was made with a surgical scalpel
and a transmitter inserted into the peritoneal cavity. The
incision was closed using medical grade sterile suture.
All tags and instruments were soaked in povidone-
iodine solution prior to surgery. Transmitters were
Vemco V13 coded transmitters with 180-second delay
and 1.5 year life. Following surgery the fish were released
using a weighted device attached to the fishing line that
rapidly returned them to depth [41], provided by the Pa-
cific Islands Fishery Group. Research conducted on
rockfishes showed enhanced survival for individuals re-
ceiving assisted recompression [21].
Analysis
Each tag has an individual code, such that the move-
ments of a fish from one receiver to another receiver
can be determined. Receivers were downloaded to
Vemco VUE database software then exported to a
comma separated value file for import into MatLab.
Track duration was the length of time between the tag-
ging event and the last detection on the network. Since
receivers were placed more than their expected detec-
tion radius from the closed area boundaries, detections
can be interpreted as inside (stations B, F, G and H) or
outside (stations A, C, D, E and I) of the closed area.
Movements across closed area boundaries were counted
as either departures (in-out) or enterings (out-in). Detec-
tions by stations B, F, G and H were counted as resi-
dency within, while detections by stations A, C, D, E and
I were counted as residency outside of the closed area. A
single movement was defined as a detection at one re-
ceiver, followed by a detection at a different receiver, and
the time duration between the two detections varied.
The distance of each movement was calculated as a geo-
desic on an ellipsoid using Vincenty's algorithm [42].
The median movement distance for a fish was the me-
dian of each of its single movements.To avoid pseudoreplication, the average value for each
individual was calculated before calculating the average
for each species. Data were not normally distributed so
the median was used as a measure of center and the
Mann–Whitney test to compare between species.
To account for differences in track duration and detec-
tion frequency, detection, movement and residency
values were normalized by the number of days each fish
was detected on the network.
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